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Abstract
After the WHO designated COVID-19 a global pandemic, face masks have become a 
precious commodity worldwide. However, uncertainty remains around several details 
regarding face masks, including the potential for transmission of bioaerosols depend-
ing on the type of mask and secondary spread by face masks. Thus, understanding 
the interplay between face mask structure and harmful bioaerosols is essential for 
protecting public health. Here, we evaluated the microbial survival rate at each layer 
of commercial of filtering facepiece respirators (FFRs) and surgical masks (SMs) using 
bacterial bioaerosols. The penetration efficiency of bacterial particles for FFRs was 
lower than that for SMs; however, the microbial survival rate for all tested masks 
was >13%, regardless of filtration performance. Most bacterial particles survived in 
the filter layer (44%–77%) (e.g., the core filtering layer); the outer layer also exhibited 
significant survival rates (18%–29%). Most notably, survival rates were determined for 
the inner layers (<1% for FFRs, 3%–16% for SMs), which are in contact with the res-
piratory tract. Our comparisons of the permeability and survival rate of bioaerosols 
in each layer will contribute to bioaerosol-face mask research, while also providing 
information to facilitate the establishment of a mask-reuse protocol.
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airborne microorganisms, bioaerosol, face mask, facepiece respirator, filter layer

Practical Implication

•	 Understanding the physical behavior of airborne microorganisms inside the face masks is 
required for protecting individual health.

•	 This work is designed to evaluate the microbial survival rates and their fraction of bioaerosols’ 
activation captured in commercial face masks.

•	 In particular, the relative microbial survival rates at each layer were quantitatively compared.
•	 We confirmed that airborne microorganisms could be delivered to the inner layer, in contact 

with the respiratory tract while maintaining their vitality.
•	 The experimental results are essential to information that contributes to bioaerosol-facemask 

research while promoting the establishment of mask reuse protocols.
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1  |  INTRODUC TION

Since the spread of harmful airborne diseases such as coronavirus 
2019 (COVID-19), the use of face masks has become strongly rec-
ommended and universalized.1,2 Effective selection and use of face 
masks are essential to protect public health from the spread of air-
borne microorganisms (called bioaerosols).1,3 The WHO recommends 
the use of respirators (e.g., N95, FFP2, or equivalent standards of 
face masks) during crisis situations. In particular, healthcare work-
ers involved in the direct care of patients should use medical masks, 
which qualify as such after evaluation of filtration efficiency against 
bioaerosols (Staphylococcus aureus) following ASTM F2100-11.4

However, face masks, ubiquitous and disposable in the past, are 
now a scarce and precious commodity due to the global pandemic.5 
Shortages have led to additional guidelines from the Centers for 
Disease Control and Prevention (CDC), including the reuse of face 
masks intended for disposal. However, evidence to support these 
recommendations is lacking. In fact, previous studies have reported 
that the risk of bioaerosols remains, even if the face mask filters 
physically prevent penetration. Captured bioaerosols can maintain 
their vitality and multiply after ingesting the surrounding moisture 
and dust on the surface of filter media.6–9 Proliferation of bioaero-
sols on the last (innermost) filter layer, which makes contact with the 
respiratory tract, can directly lead to critical secondary bioaerosol 
spread to users. Despite this, to our knowledge, few studies have ex-
amined how deeply bioaerosols can penetrate layers of face masks 
or how microbial survival differs in each layer. Therefore, an urgent 
need exists to evaluate the filtration performance and microbial re-
covery rate of each filter layer of face masks.

The objective of the present study is to determine the surviv-
ability of bioaerosols at each filter layer of commercial face masks. 
Physical and biological characteristics of the face masks, including 
filtration efficiency, pressure drop, and microbial survival rate, were 
evaluated using aerosolized bacterial particles. Through a better un-
derstanding of the viability of bioaerosols on filter layers, we can as-
sess the potential for face masks to function as fomites and facilitate 
the development of sterilization and reuse protocols.

2  |  MATERIAL AND METHODS

2.1  |  Selection of face masks

Five face masks were selected; these included filtering facepiece 
respirators (FFRs) and surgical masks (SMs) purchased commercially 
in Seoul, Republic of Korea. FFRs are face masks that meet national 
or international standards and are predominantly required by health-
care workers.10–14 SMs, also known as dental masks, have relatively 
less stringent standards compared to FFRs and have been supplied 
in large quantities to the market during global pandemics. In par-
ticular, one product (e.g., FFR3; The GOOD) is a public mask that 
was purchased on March 15, 2020, in response to continued face 
mask shortages. Details of face masks are presented in Table 1. All 

purchased face masks were multi-layer (e.g., outer-, support-, filter-, 
and inner-) structures as described in Figure 1A. The primary differ-
ences between FFRs and SMs included the presence of the support 
layer and weight per unit size. Tests were conducted by cutting a 
1-inch diameter sample from the face masks and loading them onto 
a filter holder. Each experiment was performed in triplicate.

2.2  |  Preparation of bacterial suspension

We used Gram-positive Staphylococcus epidermidis (KCTC 1917; 
Korean Collection for Type Cultures) as the focal bioaerosol. 
Staphylococcus epidermidis is not only a commensal organism of human 
skin, but also a bacterium commonly used in experiments using bac-
terial bioaerosols.7,15 In addition, Staphylococcus species are used to 
evaluate bacterial filtration efficiency of medical face mask materials 
due to their harmfulness.4,16 Staphylococcus epidermidis was incubated 
in nutrient broth (0.3% beef extraction and 0.5% peptone; Becton 
Dickinson) at 37°C for 24 h, until the bacterial suspensions reached 
an optical density of 0.6 at 600 nm. The bacterial particles were then 
harvested by centrifugation (5000 g, 10 min) and rinsed three times 
with deionized water to remove unwanted residues. Bacterial suspen-
sions at a concentration of ~5 × 108 colony forming units (CFU)/mL 
were placed into a 6-jet nebulizer (Collison Nebulizer; BGI).

2.3  |  Filtration test

A schematic diagram of the experimental setup for the filtration test 
is shown in Figure 1B. The filtration performance of face mask filters 
can be affected by airflow velocity, which simulates inhalation. First, 
the performance was evaluated using NaCl particles under a face ve-
locity of 15.8 cm/s corresponding to 95 L/min, the flow rate used for 
face mask testing in European and Korean standards.11,12 The flow 
rate, which is used to evaluate respiratory protective equipment, is 
relatively high because it corresponds to intense physical activity. 
Due to the flow conditions suitable for FFR evaluation, the filtra-
tion performance of SMs may be underestimated. The NaCl parti-
cles were generated using a 6-jet nebulizer under 1.0 psig. Before 
the challenge particles reached the filter medium, moisture was re-
moved by passage through a diffusion dryer, and undesirable elec-
trostatic charges in the particles were eliminated using a soft X-ray 
aerosol neutralizer (Model 4530; HCT Co.). The penetration (p) of 
face mask filters was calculated using the following equation:

where Coutlet and Cinlet represent the particle concentrations (par-
ticles/cm3

air) of the NaCl particles at the outlet and inlet of the 
filter holder, respectively. The size and number concentration of 
the particles were determined using a scanning mobility particle 
sizer (SMPS, model 3936; TSI Inc.), which has 108 channels ranging 

(1)p =
Coutlet

Cinlet

,
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between 14 and 685  nm. Bacterial bioaerosols were also gener-
ated under the same nebulizer and face velocity conditions except 
the aerosol neutralizer, and their characteristics were measured 
using an aerodynamic particle sizer (APS 3321; TSI Inc.). The pres-
sure drops across all face masks were determined using a micro-
manometer (MP210; KIMO Instruments) under a face velocity of 
5 cm/s corresponding to 30 L/min, which is the standard airflow 
rate of aforesaid European and Korean face mask test standards. 
In addition, the filter quality factor (QF) was used to compare per-
formances, as follows:

where p is the penetration and ΔP is the pressure drop. QF is an in-
dicator of pressure drop and filtration efficiency comparisons under 
the same face velocity conditions; the higher the value, the more 
efficient the filter. Because the circular samples punched from each 
face mask were sealed using a filter holder, the leakage rate was not a 
consideration.

2.4  |  Microbial survival rate

Microbial survival rates were calculated using the ratio of active 
proportions of bacteria from tested face masks. The S. epidermidis 

particles were deposited onto the face masks for 10 min using the 
nebulizer. Then, the filters were exposed to room temperature bi-
osafety cabinet for 10 min, to treat the damage caused by desicca-
tion effects (e.g., natural decay) equally.17 The filter samples were 
carefully separated into individual layers using sterilized forceps. 
Each filter layer was cut into pieces using sterilized medical scis-
sors and immersed in a 10-mL suspension (Vextraction) of phosphate-
buffered saline (PBS) containing 0.01% Tween 80 (Figure 1C). The 
suspension containing the bacteria-deposited layer was run through 
an extraction process (5 and 3 min of vortex and sonication, respec-
tively) to transfer the bacterial particles from the filter layers to the 
PBS suspension. The resulting bacterial suspension was serially di-
luted onto nutrient agar plates (0.3% beef extraction, 0.5% peptone, 
and 15% agar; Becton Dickinson) and incubated at 37°C for 24 h. 
Colony growth on the plates was enumerated after incubation, and 
microbial survival rates were calculated as follows:

(2)QF =
− ln (p)

ΔP
,

(3)Filtration efficiency (�) = 1 − p

(4)CFUtotal =
∑

CFUlayer,n

(5)Nfilter = Cinlet ⋅ Qsampling ⋅ � ⋅
�extraction

Vextraction

(6)Microbial survival rate (%) =

(

CFUtotal

Nfilter

)

× 100

F I G U R E  1  Experimental configuration of (A) the preparation of multi-layered face masks, (B) experimental setup for aerosol generation 
and measurement, and (C) colony analysis process for each filter layer
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where CFUlayer is the concentration (CFU/mL) of live bacteria recov-
ered from each filter layer and CFUtotal is the sum of all CFUlayer in a 
single group. Nfilter is the total concentration of bacterial particles in 
the extract-suspension plated on the agar (particles/mL), and Qsampling 
is the total airflow sampling volume. ξextraction is the physical extraction 
of bacteria at each filter layer, defined as the ratio of the number of 
particles transferred from the filter to the extraction suspension to the 
number of particles removed from airflow using the filter. ξextraction for 
all filter layers was evaluated using the comparable method as >95%, 
as proposed by Wang et al (2001)18.

2.5  |  Statistical analyses

Normal distributions of results were verified using Shapiro-Wilk 
and Kolmogorov-Smirnov tests. Analysis of variance (ANOVA) and 
Kruskal-Wallis tests were conducted to compare normally distrib-
uted and non-normally distributed data, respectively, to compare 
penetration, pressure drop, and microbial survival rate. Correlation 
coefficients, linear regressions, and t tests of experimental results 
were analyzed using SPSS software (ver. 21; SPSS Inc.).

3  |  RESULTS AND DISCUSSION

3.1  |  Comparison of penetration and pressure drop

To quantify the performance of tested face masks, filtration perfor-
mance was evaluated using NaCl particles. The NaCl particles were 
log-normally distributed with a mode diameter of 26.7 ± 1.36 nm, 
a geometric mean diameter (GMD) of 37.6 ± 1.32 nm, a geometric 
standard deviation (GSD) of 1.92 ± 0.122, and a total concentration 
of 1.19 ± 0.696 × 107 particles/cm3

air (Figure 2). NaCl particles were 
used not only because they are the challenge aerosols used in face 
mask test protocols in European and Korean standards, but also be-
cause they have a universal size distribution that includes the sizes 
of all hazardous airborne substances, such as viruses and bacteria.3 
Therefore, NaCl particles were used as a benchmark for measuring 
the performance of commercial face masks.

The filtration characteristics of commercial face masks using 
NaCl particles are presented in Figure 3A. The average penetration 
of FFRs was 2.6  ±  0.64%, meeting the standard value defined by 
the Korean government (<6%), and differences among the three FFR 
masks were not statistically significant (t-test: p > 0.05). However, 
the SMs exhibited significant performance deviation (p < 0.01) com-
pared to FFRs, likely due to the lack of legally enforced certification 
parameters for the direct management of SM filtration performance. 
In addition, SMs generally exhibited a high penetration rate (>60%). 
This difference in performance between FFRs and SMs is due to 
both the number of layers and the basis weight of the face masks. 
FFRs consist of four filtration layers, and the basis weight is higher 

than 170 g/m2
filter; by contrast, SMs consist of only three filtration 

layers and the basis weight is only 60–70 g/m2
filter.

The compositional differences in filter characteristics were 
demonstrated by measurements of pressure drop (Figure  3B). 
Pressure drops in the FFRs were all higher than 60 Pa, with a max-
imum value of 106 ± 4.2 Pa for FFR2. The standards for FFRs (e.g., 
FFP2 in Europe and KF94 in Korea Standards) are based on less than 
70 Pa of pressure drop under 30 L/min. All FFR standards were sat-
isfied for penetration; however, FFR1 and FFR2 exhibited pressure 
drops exceeding 70 Pa, which resulted from differences in testing 
methods. While the authorized methods are to conduct tests by 
placing the face masks directly on a dummy head, our tests used a 
filter holder without leakage. In addition, FFRs and SMs serve dif-
ferent purposes and uses. SMs are respiratory personal protective 
equipment (PPE) used to protect the users’ face from large infectious 
droplets (e.g., >5 μm), such as water, blood, and saliva. On the other 
hand, FFRs are respiratory PPE made to protect against infectious 
airborne particles (e.g., <5 μm); thus, they are designed to be heavier 
and more demanding than SMs. Several studies have shown that 
FFRs are effective at blocking micron-scale bioaerosols, but the use 
of SMs for the same purpose would be concerning.19–21 Our results 
using NaCl particles were consistent with these previous results.

Due to a trade-off between filtration performance and pres-
sure drop, optimization is critical for the selection of face masks. 
The QF is widely used to determine whether an air filter is efficient 
(Figure 3C). The QFs of FFRs, which have lower penetration, were 
higher than the values for SMs. The face mask with the least pres-
sure drop (i.e., easy to breathe) while blocking challenge aerosols 
most effectively was FFR3. This result indicates that the user should 
select commercial face masks by taking into account not only the 
filtering efficiency, but also the pressure drop. In particular, it is es-
sential for heavy-duty workers, the elderly, and children to choose 
face masks that are effective and allow for easy breathing.

F I G U R E  2  Size distribution of NaCl particles. Error bars indicate 
standard deviation (n = 3)
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3.2  |  Microbial penetration and survival rate

The physical characteristics of aerosolized bacterial particles meas-
ured by APS are described in Figure  4A. The size distribution of 
S. epidermidis was log-normally distributed with a mode (peak) diam-
eter of 0.9 ± 0.01 μm, a GMD of 0.9 ± 0.01 μm, a GSD of 1.2 ± 0.01, 
and a total concentration of 1.2 ± 0.06 × 103 particles/cm3

air. The 
filtration efficiencies against bacterial bioaerosols are described in 
Figure 4B. NaCl and bioaerosol filtration performances of the FFRs 
did not significantly differ (>94%, p > 0.05); however, the filtration 
efficiency of SM1 increased from 35 ± 0.4 to 94 ± 1.5%, and that of 
SM2 increased from 28 ± 0.5 to 46 ± 9.3% as the challenge particles 
were changed from NaCl to bioaerosols.

The penetration of bioaerosols should not be considered the 
same as that of ordinary particles. Even in small quantities, bioaero-
sols can cause severe disease via their biological properties and 
proliferation. Accordingly, various studies have been conducted on 
the filtration performance of face masks against viral or bacterial 

bioaerosols. For example, Jeong et al.7 reported that FFRs exhibited 
penetration against bacterial bioaerosols of ~1%, while SM had pen-
etration levels of ~20%. The penetration of FFR against MS2 viral 
bioaerosols (nominal virion size of 0.02–0.09 μm) was >95% under 
similar air flow conditions of 85 L/min.3 In addition, several studies 
have indicated that SMs may not be adequate to prevent direct ex-
posure to submicron-bioaerosols.6,19,22 This unreliable filtration per-
formance of SMs indicates that more attention should be paid to the 
selection of face masks.

Figure 4C presents the microbial survival rates, as defined by 
Eq. 6. The highest and lowest survival rates were 18.5  ±  0.31% 
(FFR1) and 13.8  ±  0.19% (FFR2), respectively. The correlation 
between filtration efficiency and survival rate was insignificant. 
Regardless of the filtration efficiency against bacterial particles, 
the survival rates from all mask filters were >13%. Although FFRs 
have excellent filtration performance, the observed microbial sur-
vival rates suggest the possibility of masks serving as fomites of 
secondary damage. SMs, on the other hand, pose risks from both 

F I G U R E  3  (A) Filtration performance against NaCl particles, (B) pressure drop, and (C) filter quality factor of face masks under relevant 
face velocity conditions. Error bars indicate standard deviation (n = 3)
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the penetration of bioaerosols and from microbial survival. While 
survival rates in the present study were evaluated using only one 
Gram-positive bacterium, S.  epidermidis, previous research has 
demonstrated that various filtered bioaerosols are viable on face 
mask filter surfaces.6,7,23

The fractions of captured and activated bacterial particles 
(shown in red in Figure 5) were evaluated by multiplying the filtra-
tion efficiency (e.g., the amount of bacterial particles deposited on 
the filter) by the microbial survival rate. FFR1 accounted for the larg-
est bacterial activation fraction (18.5%), while this value was low in 
SM2 (6.5%). In contrast to FFRs, only a small amount of bacterial 
particles was captured in SM2. The activation fraction of bacteria 
differed among products, but the differences were not statistically 
significant. In general, airborne microorganisms may lose their vital-
ity and culturability during aerosolization due to the physical stress 
and exposure to a relatively harsh environment. In addition, bac-
terial particles may be affected by desiccation (e.g., natural decay) 
on the surface of the air filter. The natural decay may cause Gram-
positive bacterial particles to become 72% and 92% inactive in 10 
and 60 min, respectively, on the filter surface.24 Although many of 
the bacteria had been inactivated, these results highlight the tena-
cious vitality of bioaerosols. Even if they exist in only a small frac-
tion, biological substances with ample space for proliferation require 
continual vigilance.

3.3  |  Microbial survival rates at each layer

After the intact face mask samples filtered the bacterial bioaerosols, 
the relative microbial survival rates in each layer were evaluated 
(Figure 6). Overall, captured and activated bacteria existed at high 
rates in the filter layers (e.g., Layer 3 and Layer 2 for FFRs and SMs, 
respectively), consistent with existing research that most particulate 
pollutants are captured by the filter layers. The relative microbial 
survival rates of the inner layers were less than 1% in FFRs, but were 
high in SM1 and SM2 at 3.2% and 16.7%, respectively. In addition, 
the survival rate on the inner layers tended to be similar to the pen-
etration rate of the face mask samples.

The outer layer, which is used to protect mask structures (rather 
than filtering particles), exhibited significantly high rates of micro-
bial survival. Because most airborne bacteria adhere to relatively 
large particulate matter rather than to themselves,25 field tests are 
expected to show more bacterial recovery from the outer layer. 
Therefore, it is important not to touch the outer layer with bare 
hands as much as possible, and care should be taken when disposing 
of used face masks. In the case of FFR2, the survival rates in Layers 
1 and 2 were relatively high compared to the other FFRs, which is 
likely related to the pressure drop of the sample. FFR2 was the face 
mask sample with the highest pressure drop, and local atmospheric 
stagnation due to the high pressure drop at the front end of the filter 
layer may have occurred. As a result, many bacterial particles could 
adhere to Layer 2 with little filtration efficiency, leading to a rela-
tively high survival rate distribution.

To intuitively verify the distribution of bacterial particles in the 
filter layers, scanning electron microscopy (SEM) analysis was con-
ducted using FFR1 and SM1 face masks, both of which had relatively 
high microbial survival rates. FFR1 and SM1 were exposed to bac-
terial particles under conditions of 15.8 cm/s of face velocity and 
then separated by layer (Figure 7). The fiber diameters of the outer 
and inner layers of both samples were similar (18–21  μm), and no 

F I G U R E  5  Fractions of bacterial bioaerosols including 
penetration, captured bacteria, and captured but activated bacteria
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significant structural differences of the filter layers were identified 
via SEM analysis. Most bacterial particles were captured in both fil-
ter layers, but a considerable number were observed in the outer 
layers. In addition, while few bacterial particles were observed in 
the inner layer of FFR1, particles were identified in the inner layer of 
SM1, which is consistent with the relative microbial survival rates at 
each layer described above.

To determine whether the components of each mask layer 
affect bacterial vitality, the filter layers of FFR1 were separated 
independently and loaded onto the filter holder (Figure  8). The 
filtration efficiency and survival rate of a single layer were evalu-
ated using the same test protocols described above. The filtration 
efficiency was highest in layer 3 (~99%), which had the thinnest 

filter diameter and highest electrostatic charge. The other layers 
exhibited efficiencies <33%. The highest survival rate was 12.4% 
for layer 3 and ~10% for the other layers. The correlation between 
filtration efficiency and survival rate was not significantly differ-
ent among layers (p > 0.05). We concluded that while the microbial 
survival rate in a single layer was relatively small, the structural 
or material differences of each layer have little effect on survival 
rates. As described above, certain portions of the particles cap-
tured by the filter always survived.

The key result of our testing is that bioaerosols can be delivered 
to the inner layer of face masks while maintaining their vitality. The 
inner layer is in direct contact with the respiratory tract and is there-
fore always exposed to moisture during breathing. In addition, due 
to the body temperature of the user, the inner layers would serve as 
suitable environments for microorganism proliferation, thus facili-
tating secondary damage.

Bacterial survival results in various filter layers suggest that the 
use of antimicrobial properties on filters or the sterilization process 
are necessary to wear face masks safely. Antimicrobial air filters de-
activate harmful bioaerosols on the surface of fibers. Accordingly, 
antimicrobial filter technology that employs various antimicrobial 
components including inorganic and organic materials has been 
actively developed.15,17,26 When sterilizing face masks for reuse, it 
is important to inactivate the target bioaerosols while not affect-
ing the structure or performance of the filters. During this process, 
care should be taken not to disrupt electrostatic charge, which 
plays an important role in filter quality. Ultraviolet germicidal irra-
diation (UVGI) would serve such a purpose and is one of the most 
recommended methods for the reuse of face masks during global 
pandemics.27,28 Studies have shown that UVGI is effective in con-
trolling bioaerosols while maintaining the filtration efficiency of the 
respirator.29,30

F I G U R E  7  SEM images of layers of FFR1 and SM1 with captured 
bacterial particles
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The limitations of this study should be addressed in future re-
search. This study only dealt with one Gram-positive bacterium, 
S. epidermidis. Although this bacterium has traditionally been used 
in various bioaerosol studies, it does not represent all microorgan-
isms, as bioaerosols encompass bacteria, fungi, and viruses of var-
ious sizes with unique biological attributes. The performance of 
face masks can vary depending on the biological nature of micro-
organisms, which differ in survival time and proliferative potential. 
Therefore, face mask research should consider various biological 
substances, including pathogenic bacteria and viruses. In addition, 
the fit performance of face masks was not considered. Since FFRs 
include more considerations for fit performance than do SMs, the 
penetration of bioaerosols may be enhanced in SMs when used in 
practice. Research considering real-world use would be more reli-
able and could produce universally applicable results.

4  |  CONCLUSION

Our results indicate that wearing face masks cannot completely pre-
vent the threat of bioaerosols. Commercial FFRs were effective in 
physically blocking bioaerosols (>99%), but SMs were not. The micro-
bial survival rates were greater than 13% in all face masks, regardless 
of filtration performance. In particular, the total survival rate and per-
meability of particles were carefully compared by layer, which goes a 
step further than existing bioaerosol-respirator viability studies. The 
viability of microorganisms was confirmed in the inner layer of face 
masks. Most notably, SMs, which exhibited lower filtration efficiency 
against bacterial particles, showed a higher portion of microbial vi-
ability in the inner layer. Because the inner layer of face masks is in 
contact with the respiratory tract, it will be important to be mind-
ful of potential bioaerosol proliferation on this surface. Therefore, 
certain occupational groups exposed to biological threats must use 
FFRs and are encouraged to use antimicrobial filters or undergo mask 
sterilization processes to fully prevent secondary damage.
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